Topical treatment of acne rosacea, a chronic condition characterized by recurrent course for many years, is primarily based on metronidazole preparations. This is the first compound authorized by FDA for local acne rosacea therapy.
Topical treatment of acne rosacea, a chronic condition characterized by recurrent course for many years, is primarily based on metronidazole preparations. The aim of this study was to evaluate the effect of various acrylic acid polymers, in composition with methylcellulose on metronidazole release rate from hydrogels proposed for the treatment of acne rosacea. Viscosity and release studies using "Paddle over Disk" system with semipermeable membrane of MWCO 3500 were performed. Compositions of Carbopol 971P and methylcellulose revealed an increase in viscosity with increasing concentration of methylcellulose in the range of 17200-26166 mPa · s. In all the examined formulations, the release process was characterized by a two-stage course. Among bipolymeric formulations, the highest first-stage release rate of 9.18؋10 ؊3 min ؊1 was determined for the gel consisting of 2.00% Carbopol 980NF with 1.00% methylcellulose. The second-stage release rates ranged between 2.88؋10 ؊3 and 8.00؋10 ؊3 min
؊1
. Two-stage release course can thus be attributed to metronidazole distribution into two compartments of hydrogel matrix. Proposed gels, with similar rheological properties, may be used for ex vivo and in vivo studies to obtain a suitable drug activity of metronidazole in the treatment of acne rosacea. gated point-wise at 32°C and the investigation was repeated five times, for every measurement. Prior to the examination, every sample was kept in room temperature for 1 h and then in a closed measurement chamber for 1 min to achieve the desired temperature of 32°C. The cone rotation rate was 1.0 s Ϫ1 (0.26 rpm). The rate was selected according to preliminary trials at shearing rates of 1.0, 10.0, and 100.0 s
Ϫ1
. The wide measurement range was obtained at a shearing rate of 1.0 s Ϫ1 . The measurements were taken 5 s after starting the cone.
Release Rates The process of metronidazole release from hydrogels was carried out according to the method described in USP 28: Apparatus 5-Paddle over Disk. Bidistilled water was used as the acceptor fluid. One thousand milliliters of the acceptor medium were used. The temperature was maintained at 32Ϯ0.5°C. During the release process, beakers with acceptor fluid were covered to minimize evaporation. Teflon disks with a mean release surface of 16.0815 cm 2 (Hanson, U.S.A.) were used as release chambers. Semipermeable hydrophilic Membra-Cel ® , MWCO 3500 manufactured by Serva was applied after soaking in bidistilled water for 60 min before use. The volume of the formulation carried on the disk was about 500.0 mg, selected to acquire flat release surface. Any possible air bubbles between the gel and the membrane were eliminated during placement of the semipermeable membrane. The distance between the disk and lower edge of the paddle was 25Ϯ2 mm.
The release time was 480 min and 5.00 ml of samples were taken every 10 min, supplemented with equal amount of bidistilled water, so that the dilution effect could be determined when drug concentration was calculated. The samples were received from the space between the surface of the disk and the lower edge of the paddle. The measurements were repeated six times. Formulations of viscosity approximating 5.00% methylcellulose were used to maintain rheological characteristics of the examined preparations. In the case of 2.00% Carbopol 934P, viscosity increased with increase of methylcellulose concentration in formulation; however, it did not achieve viscosity of 5.00% methylcellulose formulation. Thus, a composition of Carbopol 934P with the highest methylcellulose content, i.e. 4.00% (No. 17, Table 1 ), of the viscosity most approximated to the required range, was used.
Spectrophotometric Measurements Absorbance measurements were carried out using CECIL CE 5501 apparatus. Absorbance was measured in aqueous solution. Spectrum for metronidazole in aqueous solution was determined in the wavelength range from 250 to 370 nm. Maximum absorbance was at 319.7 nm.
Statistical Analysis The results were analyzed statistically, the mean values and standard deviations (SDs) were calculated, which enabled the evaluation of differences in groups and between groups for the obtained results-ANOVA. In the case of graphs presenting natural logarithm of the percentage of residual metronidazole in time, regression lines were determined by means of least squares method, and Pearson's correlation coefficient square (r 2 ) was calculated.
Results

Viscosity of Monopolymeric Gels
The viscosity of monopolymeric gels is shown in Fig. 1 . In case of Carbopol gels, viscosity was positively correlated with the increase of polymer concentration. Moreover, differences in viscosity were observed among groups of polyacrylic gels with various Carbopol types.
The highest viscosity was observed for gels with Carbopol 980NF, while the lowest viscosity was revealed by gels with Carbopol 971P. Gels with Carbopol 934P revealed intermediary viscosity. The viscosity of 5.00% methylcellulose gel (No. 1) was 19923Ϯ718 mPa · s.
Viscosity of Bipolymeric Gels To prepare bipolymeric gels containing compositions of polymers, 2.00% dispersion of Carbopol 937, 971P, or 980NF, and 1.00-4.00% methylcellulose dispersions were used. The viscosities of individual gels are shown in Fig. 2 In all the examined formulations, the release process was characterized by a two-stage course. This tendency was evident on a semilogarithmic graph, in which the natural logarithm of the percentage of residual active substance was marked against the function of time. The relationships for selected sample gels No. 1, 9, and 17 are illustrated in Figs. 3-5, respectively.
The transition time between the stages was determined using the method of first derivative. To investigate the difference between two successive values of the percentage of metronidazole residue, a measurement point indicating a significant decrease of the difference was determined. To avoid any errors resulting from overlapping of two different processes, Gran's method of titration end-point determination was adapted. Measurements relatively far from the end point were used for linearization of the curved line. Thus, the point determined by means of first derivative method was excluded together with two neighboring values on both sides.
The remaining values of the natural logarithm from the percentage of active substance residue were used to determine two straight lines describing two stages of the process by means of a linear regression method. The transition point, In all the investigated gels, release rates ( , for formulations 17, 20, and 22, respectively. Half-release times corresponding to the above release rates are listed in Table 2 .
The mean percentage of metronidazole residue in formulation in the last hour of the release process was the highest in the bipolymeric formulations; about 9.48%Ϯ0.41 for the composition of 2.00% Carbopol 934P with 4.00% methylcellulose (No. 17), and 8.49%Ϯ0.30 for 2.00% Carbopol 971P and 3.00% methylcellulose gel (No. 20). The remaining values of mean percentage of metronidazole residue in the formulation after finalizing the release process are listed in Table 3 .
The mean values of the residue percentage in the last 60 min of the release process were used, with respect to the high amplitude of values in the final stage of the investigation. The values obtained from the last six measurements were impending and gave more precise presentation than the last survey.
Discussion
The metronidazole release process from the formulations consisted of two stages in all the investigated gels. This phenomenon can be attributed to two parallel processes, depending on the metronidazole distribution in polymeric bed. The active substance embedded in the hydrogel matrix becomes distributed between two compartments. 11, 12) A similar occurrence was observed in the case of water bound in hydrogel matrix. 8, 13) An impending model was proposed for hydrocortisone release from methylcellulose gels with polysorbates. 14) In the case of water, its free and bound fractions are differentiated.
Binding of polar molecules of water may occur because of interaction with hydrophilic regions of the polymer network-the layer of first-order bound water, and because of hydrophobic interactions with hydrocarbon parts of the poly-1144
Vol. 55, No. 8 19) and by the diameter and distribution of the polymer bed pores described by Hoffman 8) as the environment tortuosity coefficient. Free volume of the matrix as well as the environment tortuosity coefficient depend on the polymer concentration and its cross-linking.
Moreover, metronidazole is bound by the polymer network. There may be two kinds of interactions of the drug with the macromolecule. These are weak hydrogen bonds between the polar groups of metronidazole and hydrophilic groups of the polymers as well as strong ionic interactions between nitrogen in the molecule's ring or polyacrylates carboxyl groups. The total amount of the drug bound, because of these interactions, forms the internal compartment, while the rate of drug-polymer compartment dissociation is the factor limiting the rate of release. According to some studies, ion-bound molecules of metronidazole are not released, or the process is very slow. 12) Figure 6 shows the above-described model, adapted for metronidazole release from polymeric bed.
In the first stage of the release process, represented in the semilogarithmic graphs (Figs. 3-5 ) by the segment t 0 -t TP , a significant predominance of first-order release from external compartment is observed. In t TP (time corresponding to the so-called transition point), according to the chemical kinetics, the external compartment becomes almost completely drained. Evidence of changes in the residue percentage are interpreted in the graph as a result of a decreased release rate from the internal compartment. It also occurs according to first-order kinetics. In the time t 0 -t TP , the release course from the internal compartment has a nonlinear character, which is difficult to classify as far as order of the reaction is concerned. This nonlinearity is related to gradual increase of the concentration gradient between constantly drained external compartment and the internal compartment. The decrease of metronidazole concentration in the region of the drug-polymer complex induces a shift of the dissociation equilibrium (R in Fig. 6 ) of the complex to the right according to Le Chatelier's and Brown's law. This results in a gradual increase in the rate of drug release from the internal compartment. The rate reaches its maximum value when the external compartment is almost completely empty and remains constant-the first-order process in the second stage. Thus, dissociation of the drug-polymer complex becomes the element limiting the drug release rate from the internal compartment. The dissociated metronidazole molecules pass through the external compartment, which is characterized by a higher release rate and does not inhibit their kinetics.
The linearity of the process is disturbed in the close nearness of TP. This transition can be explained by overlapping of the already finalizing first-order metronidazole release from the external compartment and an increasing drug release from the internal compartment. Consequently, none of the described phenomena predominate and the resultant process deviates from a linear course.
The baseline content of metronidazole in the internal compartment could be another parameter useful in the description of the investigated gels. The extrapolation of a straight line describing the second stage of the release process, as far as the site of its intersection with the axis of ordinates on a semilogarithmic graph assumes a nonlinear course of metronidazole release from the internal compartment in time t 0 -t TP . However it does not indicate the exact initial amount of the drug present in the internal compartment at time t 0 .
An approximation is possible, determining the range of the percentage of drug residue corresponding to two extreme cases. Extrapolation of a straight line describing the second stage of the release process gives an extreme, maximum Fig. 6 . Two-Compartment Model 1, external compartment; 2, internal compartment; 3, metronidazole molecules in the external compartment; 4, metronidazole molecules in the internal compartment (bound with polymer); R, metronidazole-polymer complex dissociation equilibrium rate; K 1 , metronidazole release rate from the external compartment; K 2 , metronidazole release rate from the internal compartment.
value of the drug-residue percentage in the internal compartment at time t 0 for a situation, in which the process would occur according to the first-order kinetics since the beginning. To obtain the minimum value of the range, the natural logarithm of the residue percentage corresponding to TP should be read on Y axis. The minimum value of the range corresponds to the situation in which the process of release from the internal compartment begins at time t TP . The value corresponding to the initial amount of the drug in the internal compartment assuming the nonlinear character of the process in time from t 0 to t TP , is found between the minimum and the maximum of the range. Calculated theoretical maximum and minimum values of the initial content of metronidazole in the internal compartment are listed in Table 4 .
As shown by Sutani et al., 12) the ionic bound fraction of the drug does not dissociate at the site of action. The theoretical amount of metronidazole bound with polyacrylate corresponds to the molar content of the carboxyl group, corrected by the degree of dissociation. The amount of metronidazole in an ion-bound form with Carbopol was determined by means of averaged molar conversion factor for Carbopols, which enabled to compute the number of carboxyl groups in a weighed portion of the polymer, and by the formula determining the degree of dissociation.
12) Theoretical percentage of metronidazole residue ion bound with Carbopol 934P No. 4 was 0.99%. In Carbopol 971P-formulation No. 9, and Carbopol 980NF-formulation No. 10, the percentages were 1.26% and 0.93%, respectively. The percentage of metronidazole residue after 8 h in formulation No. 10 approximated the theoretically calculated irreversibly bound amount (Table  3 , column 3). In formulations No. 4 and 9, the percentage of metronidazole residue, determined during investigation of the release kinetics was higher than the one theoretically determined and irreversibly bound by the polymer network volume (Table 3) . Thus, it may be assumed that in Carbopol 980NF, practically the whole available for the acceptor fluid amount of the drug was released, while in the case of formulations No. 4 and 9, the release process may continue. Similar calculations were performed for compositions of polymers (Table 3 ). The accuracy of theoretically calculated amounts of metronidazole irreversibly bound in the formulation may be lower due to visible interaction between polyacrylates and methylcellulose. Figure 7 illustrates a sample interaction between Carbopol 971P and methylcellulose. Nevertheless, the percentage of metronidazole residue in all the bipolymeric preparations, determined in the course of the release-assay exceeded the theoretical values for the drug irreversibly bound by ionic interactions.
The visible interaction between acrylic acid polymers and methylcellulose may significantly affect the structure of overlapping mutual networks of both polymers as well as the rheological properties of the gels. The above interaction was confirmed by measurements of the dynamic viscosity. The viscosity of pure 2.00% Carbopol gels with the addition of metronidazole is higher than the viscosity of corresponding compositions of 2.00% Carbopol with the addition of methylcellulose (Fig. 2) . Collapse of the three-dimensional structure of the network because of decreased hydratation of Carbopol chain in the presence of strongly hydrophilic methylcellulose polymer may be involved in this case.
As indicated by the investigations, metronidazole release rate from external compartments (K 1 ) assumed for 5.00% methylcellulose and for 2.00% Carbopol 971P gels are almost identical and reach about 1ϫ10 Ϫ2 min Ϫ1 (Table 2) . Transverse cross-linking in a macromolecule significantly affects the rate of diffusion in the external compartment.
Release rates K 1 for gels on Carbopol base with different degrees of cross-linking and different concentrations (No. 4, 9, 10, Table 1) were compared. As indicated by data listed in Table 2 , the rate of metronidazole release in the first stage is affected by concentration of the polymer. The differences in the degree of cross-linking of individual Carbopols also play a role. The aproximate molecular weights between adjacent crosslinks (Mc) of the analysed polyacrylates are between 104400 g/M for Carbopol 980, and 237600 g/M for Carbopol 971, whereas the Carbopol 934 has an intermediate molecular mass. The polymers of increased Mc are characterised with decreased crosslinker density, which inlfuenced the release process in lesser degree than the concentration ( Table  3 -the percentage of metronidazole residue after 8 h).
The transition point in monopolymeric formulations was about 200 min, while in the case of all two-polymer formulations, this value exceeded ( Table 2 ). The amount of metronidazole, which remained in the hydrogel bed, was in all the cases, proportional to the release rate constant in the second stage (K 2 )- Tables 2 and 3 . Metronidazole release rates from both compartments were compared in monopolymeric Table 2) . The higher the release rate, the higher is the activity of the drug in the place of application. The highest release rate in monopolymeric gels, both in the first as well as in the second stage, was revealed by preparation with 1.5% of Carbopol 934P (Gel No. 4), and similarly observed in gel with 0.5% of Carbopol 980P (No. 10). In the case of bipolymeric formulations, the highest release rate of metronidazole from the 2.00% Carbopol 980P with 1.00% methylcellulose was obtained in comparison with the 5.00% methylcellulose gel (No. 22).
The analyzed gels maintained similar rheological properties of ca. 20000 mPa · s (Fig. 2) , except gel No. 17. The reference dynamic viscosity was taken as ca. 20000 mPa · s, according to the viscosity of 5.00% methylcellulose metronidazole gel. This methylcellulose concentration facilitates suitable gel application to the skin, as found in commercial product with methylcellulose.
The process of methylcellulose release from hydrogel matrices containing acrylic acid, methylcellulose, or their compositions occurs in two stages, differing in intensity. The course of the investigated release-processes may be interpreted as release from a two-compartment system-the amount of metronidazole remaining in the hydrogel matrix after 8 h of the release process is reversibly proportional to the release rate from the internal compartment. The higher the release rate, the higher is the activity of the drug in the place of application. The highest release rate in monopolymeric gels, both in the first as well as in the second stage, was revealed by preparation with 1.5% of Carbopol 934P. In the case of bipolymeric formulations, the highest release rate of metronidazole from the 2.00% Carbopol 980P with 1.00% methylcellulose was obtained. The rheological properties of the investigated bipolymeric formulations were similar in relation to pure methylcellulose or monopolymer Carbopol gels. The proper viscosity, which is important for drug to remain on the skin, and for suitable application was developed in three monopolymeric and two bipolymeric gels. Proposed gels can be used for further ex vivo and in vivo studies to obtain a suitable drug activity of metronidazole in the treatment of acne rosacea.
